Chirag D. Gheewala, Bridget E. Collins, Tristan H. Lambert* Chiral acid catalysts are useful for the synthesis of enantioenriched small molecules, but the standard catalysts require laborious and expensive preparations. Here, we describe a chiral Brønsted acid prepared in one step from naturally occurring (-)-menthol and readily available 1,2,3,4,5-pentacarbomethoxycyclopentadiene. Aromatic stabilization serves as a key contributing factor to the potent acidity of the resulting compound, which is shown to catalyze both Mukaiyama-Mannich and oxocarbenium aldol reactions with high efficiency and enantioselectivity. Catalyst loadings as low as 0.01 mole percent and preparative scalability (25 grams) are demonstrated. Alternative amide catalysts are also shown to be promising platforms. In addition to proton catalysis, a chiral anion pathway is demonstrated to be viable with this catalyst system. P rotonation dramatically alters the reactivity of a molecule. As such, Brønsted acid (proton donor) catalysts have long provided a potent strategy for the acceleration of a diverse array of chemical transformations (1, 2). In recent years, the invention of effective chiral Brønsted acid catalysts has enabled the development of numerous asymmetric reactions that furnish valuable chemicals in enantioenriched form (3-6). By and large, this area of enantioselective Brønsted acid catalysis has been dominated by the binaphthol (BINOL) phosphoric acid class of catalysts originally developed by Akiyama (7) and Terada (8). Although the utility of these catalysts is unquestionable, the major drawback to substituted BINOL-based catalysts is the lengthy, laborious, and expensive protocol required for their synthesis (9), which complicates catalyst optimization and limits their application on scale. Although alternative catalysts have been developed (10-16), the majority of these still rely on binaphthyl or other unnatural frameworks [e.g., VAPOL (17) or SPINOL (18)] as the basis of their chirality. This monocultural reliance on a single chiral scaffold is thus a major limiting factor for this important area of catalysis, and the identification of more readily accessible architectures is an important goal. Here, we describe a carbon acid platform for enantioselective Brønsted acid catalysis that uses aromaticity as its central acidifying element.
P
rotonation dramatically alters the reactivity of a molecule. As such, Brønsted acid (proton donor) catalysts have long provided a potent strategy for the acceleration of a diverse array of chemical transformations (1, 2) . In recent years, the invention of effective chiral Brønsted acid catalysts has enabled the development of numerous asymmetric reactions that furnish valuable chemicals in enantioenriched form (3) (4) (5) (6) . By and large, this area of enantioselective Brønsted acid catalysis has been dominated by the binaphthol (BINOL) phosphoric acid class of catalysts originally developed by Akiyama (7) and Terada (8) . Although the utility of these catalysts is unquestionable, the major drawback to substituted BINOL-based catalysts is the lengthy, laborious, and expensive protocol required for their synthesis (9) , which complicates catalyst optimization and limits their application on scale. Although alternative catalysts have been developed (10) (11) (12) (13) (14) (15) (16) , the majority of these still rely on binaphthyl or other unnatural frameworks [e.g., VAPOL (17) or SPINOL (18) ] as the basis of their chirality. This monocultural reliance on a single chiral scaffold is thus a major limiting factor for this important area of catalysis, and the identification of more readily accessible architectures is an important goal. Here, we describe a carbon acid platform for enantioselective Brønsted acid catalysis that uses aromaticity as its central acidifying element.
Although carbon acids typically manifest relatively high pK a values (where K a is the acid dissociation constant), several structural modifications can substantially increase the propensity of C-H bonds to undergo ionization by stabilizing the anionic charge of the conjugate bases (19, 20) (Fig. 1A) . The most common of these modifications involve s-delocalization (induction) by electronegative elements or groups and p-delocalization (resonance) by conjugated functionality. A third mode of carbanion stabilization involves a special form of resonance known as aromaticity, epitomized by the dramatic increase (10 17 ) in acidity of cyclopentadiene versus its acyclic analog (21) due to the aromatic nature of the cyclopentadienyl anion. In the case of a 1,2,3,4,5-pentacarboxycyclopentadiene (PCCP) 1 (Fig. 1B) , the three elements of induction-, resonance-, and aromaticity-induced acidification conspire to produce extremely strong carbon acids that rival the acidity of the mineral acids (22) (23) (24) . In fact, the extended conjugation of such substituted cyclopentadienes is such that their acidic protons reside not on carbon but rather on oxygen as hydroxyfulvenes (compare 3) (25) . With such strong acidity, we reasoned that PCCPs could serve as potent Brønsted acid catalysts and that ester or amide derivatives incorporating simple chiral alcohols or amines could offer synthetically accessible and effective enantioselective variants. Herein, we demonstrate the realization of this vision with the use of chiral PCCPs as highly efficient enantioselective Brønsted acid catalysts.
1,2,3,4,5-Pentacarbomethoxycyclopentadiene is readily available via the reaction of dimethyl malonate (4) and dimethylacetylene dicarboxylate (5) in pyridine-acetic acid, followed by treatment with potassium acetate (KOAc) to yield, after acidic workup, the acid 6 (26) (Fig.  2A) . Compound 6 is a stable crystalline solid, and we have scaled this procedure to produce more than 50 g of this material. To access chiral derivatives, we found that refluxing 6 with excess (-)-menthol in the presence of N-methylimidazole in toluene furnished the pentamenthyl ester 7 in 95% yield. Because (-)-menthol is a naturally occurring commodity chemical, we calculate that catalyst 7 can be prepared for about US$4/g (<$5.50/g for the unnatural enantiomer). As an alternative means to introduce chirality, we have also found that treatment of 6 with 1.0 equivalent of a primary amine (e.g., sec-naphthethylamine) in refluxing toluene resulted in production of the corresponding monoamide product 8 in good yield. Because in the area of Brønsted acid catalysis, reaction rate has been shown to have a linear correlation with catalyst acidity (27) , at least to a first approximation, we determined the pK a (CH 3 CN) of both pentaester 6 (8.85 ± 0.05) and monoamide 9 (11.7 ± 0.1) and found that they compared quite favorably with known BINOL-phosphoric acids 10 (12-14) and other derivatives (Fig. 2B) .
To evaluate the effectiveness of chiral PCCPs as enantioselective catalysts, we examined their performance in a Mukaiyama-Mannich reaction, which was known to be amenable to this type of asymmetric promotion (7) (Fig. 3A) . We observed that 1 mole percent (mol %) of menthol-derived acid 7 catalyzed the addition of silyl ketene acetal 12 to imine 11 in ethyl acetate at -78°C in 1 hour to furnish the adduct 13 in 97% yield and 97% enantiomeric excess (ee). This result compares quite favorably to BINOL-phosphoric acid catalyst 14, which at 10 mol % loading was reported to catalyze the same reaction (in toluene) over 24 hours to furnish 13 in 98% yield and 89% ee. The loading of cyclopentadienyl catalyst 7 could be reduced to 0.01 mol % without compromising enantioselectivity. In terms of further catalyst screening, monoamides 8 and 15 were also found to induce appreciable enantioselectivity in this reaction, suggesting such catalysts may also be worthy of further development. Nevertheless, pentaester catalysts have thus far proven optimal both in terms of reactivity and enantioselectivity, as further exemplified by the performance of the 2-phenylcyclohexanol-derived catalyst 16.
To investigate the preparative utility of 7, we conducted a Mannich reaction on scale to produce 25 g of product 13 using 0.1 mol % of the acid catalyst (Fig. 2B , entry 1), which resulted in yield and enantioselectivity comparable to the smallerscale reactions. In terms of additional substrate scope, we found that a variety of aryl or vinyl imines could be engaged efficiently and with high selectivities (entries 2 to 7). In addition, an aliphatic imine substrate, which is typically challenging for this type of chemistry, could also be productively engaged (entry 8). An alternative silyl ketene acetal bearing a cyclohexyl ring was found to react in high yield and with high selectivity (entry 9). Thus far, reactions that lead to diastereomeric mixtures have exhibited only modest selectivities with catalyst 7 (see the supplementary materials, p. S15).
To demonstrate the potential of PCCPs to move beyond established capabilities, we investigated the enantioselective addition to oxocarbenium ions. In comparison to iminium ion additions, enantioselective reactions with oxocarbenium ions are notoriously difficult to achieve because they typically lack the traditional organizational elements (e.g., hydrogen bonding groups) employed by many asymmetric catalysts. Indeed, only recently have successful approaches to enantioselective oxocarbenium ion chemistry begun to appear [see, e.g., (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) ]. We probed the capacity of catalyst 7 to catalyze the addition of silyl ketene acetal 12 to oxocarbenium ion intermediates 29 generated from salicylaldehyde acetals 27, a socalled Mukaiyama oxocarbenium aldol (Fig. 2C ) (35) . First, we attempted the reaction of benzaldehyde dimethyl acetal, which in fact led to product 30 in high yield but, as expected, with essentially no enantioselectivity (entry 1). On the other hand, the dimethyl acetal of salicylaldehyde led to the production of adduct 31 with an encouraging 71% ee (entry 2). Modification to the diethyl acetal resulted in an appreciable improvement in selectivity to 85% ee for adduct 32 (entry 3), whereas further increasing the steric demand of the acetal substituent to n-butyl or i-propyl (entries 4 and 5) led to comparable enantioselectivities for products 33 and 34. An alternative ketone product 35 could also be obtained in 80% ee with the use of a silyl enol ether nucleophile (entry 6). These results demonstrate that chiral PCCPs have the ability to address one of the more notable challenges in asymmetric catalysis, and it is a reasonable expectation that optimization of catalyst structure will enable further improvements in this area.
The mechanistic rationale for the operation of catalyst 7 is shown in Fig. 4A , in which initial protonation of acetal 36 produces intermediate salt 37. Addition of the silyl ketene acetal 12 to the highly electrophilic oxocarbenium ion (compare 38) then leads to intermediate 39. Silyl transfer to the alcohol produced in the initial ionization step would then furnish the ether product 32 and return the acid 7 to the catalytic cycle. To investigate whether proton catalysis was indeed the operative mode for catalyst 7, we ran the Mannich reaction of 11 and 12 using deprotonated 7 as its sodium salt (Fig. 4B) . As expected, no reaction was observed at -78°C, lending credence to the notion that the catalyst operates as a Brønsted acid (entry 1). Interestingly, however, when the reaction was performed at higher temperatures, product formation was observed, with appreciable enantioenrichment (entry 2). As there was no acidic catalyst proton in this case, this result suggests that perhaps a silylium-catalyzed process was operative, with the cyclopentadienyl group serving as a chiral anion. This notion is supported by the fact that the reaction worked with comparable efficiency and enantioselectivity even in the presence of 2,6-di-tert-butyl-4-methylpyridine (entry 3). It is worth noting that chiral anion catalysis has also proven to be an effective strategy for asymmetric synthesis (36) (37) (38) , and so the current SCIENCE sciencemag.org 26 platform may have utility in this burgeoning area as well. A stereochemical rationale for this chemistry is shown in Fig. 4C . The presence of multiple rotatable bonds in catalyst 7 renders a number of transition-state organizations plausible. For the Mannich reaction, one possible scenario involves association of the protonated imine and one of the carbonyl oxygens of the catalyst via two hydrogen bonds (Fig. 4C) . To accommodate this interaction would require substantial torquing of the carboxyl substituent, thereby placing the iminium in close proximity to an adjacent carboxymenthyl substituent. Blocking of the re prochiral face of the iminium would then rationalize the observed stereochemistry.
A similar model can be invoked for the oxocarbenium addition; however, in this case only a single hydrogen bonding substituent is present (Fig. 4D) . We speculate that there may be additional organizing interactions between the C-H bonds adjacent to the oxygen of the oxocarbenium ion and the catalyst carbonyl and/ or the cyclopentadienyl ring. In this case, p-facial blocking as described above would lead to reaction via the si prochiral face, which corresponds to the observed stereoselectivity for the R-enantiomer.
We have obtained a single-crystal x-ray structure of catalyst 7 as its tetramethylammonium salt (Fig. 4E) . The face view (cation removed) shows a gearing of the carboxyl substituents all in the same direction, presumably to minimize steric repulsion of the menthyl substituents. The alternative edge view shows the substantial dihedral angle between each carbonyl and the cyclopentadienyl ring ranging from 30.6°to 52.1°, with an average of 43.8°, and the orientation of each of the carbonyl oxygens to the same side of the ring. In this view, two adjacent (and equivalent) cations are included, which shows that one half of each ammonium is embedded in a hydrophobic pocket formed by the menthyl groups, whereas the other half is associated with the opposite ring face toward which the carbonyls are oriented. The extent to which this structure is related to the catalytic operation of 7 is not currently known and will be the subject of further study.
The ability to synthesize asymmetric catalysts rapidly, inexpensively, and on scale is an important goal for the field of organic chemistry. The current platform offers a useful advance in this regard by allowing preparation of an effective chiral Brønsted acid catalyst in a single step from a readily available acid core and simple chiral alcohols or amines. The central feature of this platform, the cyclopentadienyl anion, enables the cooperation of multiple acidifying elements to produce powerful acid catalysts. 
*
The direct synthesis of hydrogen peroxide (H 2 O 2 ) from H 2 and O 2 represents a potentially atom-efficient alternative to the current industrial indirect process. We show that the addition of tin to palladium catalysts coupled with an appropriate heat treatment cycle switches off the sequential hydrogenation and decomposition reactions, enabling selectivities of >95% toward H 2 O 2 . This effect arises from a tin oxide surface layer that encapsulates small Pd-rich particles while leaving larger Pd-Sn alloy particles exposed. We show that this effect is a general feature for oxide-supported Pd catalysts containing an appropriate second metal oxide component, and we set out the design principles for producing high-selectivity Pd-based catalysts for direct H 2 O 2 production that do not contain gold. (6) (7) (8) (9) . Yields comparable to monometallic Pd catalysts can be achieved without the need for acid and halide additives in the reaction mixture, and 95% selectivity to H 2 O 2 can be achieved with AuPd alloy nanoparticles (NPs) dispersed on an acidpretreated activated carbon support material (10) . Hydrogen peroxide hydrogenation could be decoupled from H 2 O 2 synthesis with an acid pretreatment that blocked sites on the carbon support material responsible for H 2 O 2 degradation (10).
Although this approach was very successful on an activated carbon support material, the same blocking effect could not be fully achieved on other commercial support materials such as SiO 2 and TiO 2 .
Because O 2 dissociation is undesirable in the direct synthesis of H 2 O 2 , the reaction can be treated as a selective hydrogenation of O 2 . We explored other Pd-metal combinations that are used for selective hydrogenation reactions as potential catalysts for H 2 O 2 synthesis, focusing on nonprecious metals to lower costs. Tin (Sn) has been used to modify hydrogenation catalysts in reactions such as the selective hydrogenation of 1,3-butadiene (11) . Further examples have been reported for the liquid-phase hydrogenation of hexa-1,3-diene and hexa-1,5-diene (12) as well as the hydrogenation of unsaturated alcohols (13) . The addition of Sn to Pd or Pt can alter the behavior of the catalyst during hydrogenation reactions and, in particular, may have an effect on subsequent reactions of the products with the catalyst.
We report the development of Sn-containing Pd catalysts on commercially available TiO 2 and SiO 2 supports that can achieve >95% selectivity toward direct H 2 O 2 synthesis. These catalysts, after being subjected to an appropriate heat treatment regimen, obviate the need for pretreating the support with acids and contain far less precious metal than Au-Pd catalysts. We also present the general principles whereby high-selectivity catalysts can be obtained with other Pd-metal combinations.
Simple impregnation of Au and Pd metal salts onto many catalyst supports has been shown to generate highly active catalysts for direct H 2 O 2 synthesis. In addition, high-temperature calcination or reduction treatments are known to be crucial to improve the stability of the catalyst. As a starting point, we used this simple catalyst preparation methodology to prepare a 2.5 weight percent (wt%) Pd-2.5 wt % Sn/TiO 2 catalyst as well as its monometallic analogs (8, 10) . A synergistic effect toward higher H 2 O 2 productivity was observed when both metals were present
